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1  | INTRODUC TION
In	 this	 study,	we	examine	 the	consequences	of	 locomotor	activity	
for	 immunity	 in	a	model	wild	vertebrate,	 the	 three‐spined	 stickle-
back,	Gasterosteus aculeatus.	 Like	most	 animals,	 sticklebacks	 need	
to	undertake	locomotor	activity	to	survive.	In	particular,	individuals	
living	in	flowing	water	must	maintain	station	within	suitable	habitat	
through	 countercurrent	 swimming	 (rheotaxis)	 (Arnold,	 1974).	 This	
expends	energy	and	may	 functionally	 interfere	with	other	physio-
logical	processes	(Kieffer,	2000),	perhaps	altering	immune	allocation	
and	function	 (van	Dijk	&	Matson,	2016).	Alteration	 in	 immunity,	 in	
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turn,	is	likely	to	affect	health	and	fitness	at	the	individual	and	pop-
ulation	 level—influencing	 the	 development	 of	 disease	 within	 indi-
viduals	 (Parkin	&	Cohen,	 2001)	 and	 constraining	 the	 transmission	
of	 infectious	 disease	 between	 individuals	 (Hellriegel,	 2001).	 Thus,	
being	able	to	understand	and	predict	sources	of	variation	in	immune	
function	will	often	be	necessary	to	understand	the	dynamics	of	dis-
ease.	Moreover,	despite	 increasing	 recognition	 that	 immune	varia-
tion	is	generated	largely	by	environmental	effects,	perhaps	including	
locomotory	responses	to	the	environment,	the	sources	of	this	vari-
ation	are	poorly	understood,	 even	 in	humans	and	 laboratory	mice	
(Beura	et	al.,	2016;	Brodin	et	al.,	2015).
Physical	 activity	 is	 widely	 thought	 to	 influence	 the	 immune	
system	 (Pedersen	 &	 Hoffman‐Goetz,	 2000;	 Walsh	 et	 al.,	 2011),	
and,	furthermore,	has	often	been	considered	to	exert	suppressive,	
generally	 transient,	 effects	 that	 increase	 disproportionately	 at	
more	extreme	levels	of	activity	(van	Dijk	&	Matson,	2016;	Nieman,	
2000).	Nonetheless,	 the	 latter	 paradigm	has	 also	been	 challenged	
and	 immunological	 changes	 following	 intense	 exercise	 interpreted	
differently—as	 a	 beneficial	 heightening	 of	 immune	 surveillance	
and	 regulation	 (Campbell	&	Turner,	2018).	The	evidence	 for	 these	
contrasting	 paradigms	 in	 naturally	 occurring	 vertebrates	 is	 even	
less	clear‐cut	and	largely	derived	from	a	 limited	number	of	studies	
in	 birds,	 with	 fewer	 studies	 in	 other	 vertebrate	 classes	 (Brown	&	
Shine,	2014;	Husak,	Ferguson,	&	Lovern,	2016).	 In	birds,	 flight	ex-
periments	 (Matson,	Horrocks,	 Tieleman,	&	Haase,	 2012;	Nebel	 et	
















time	 series,	 containing	 monthly	 expression	 data	 for	 immune‐as-
sociated	 genes	 and	 fine‐scale	 thermal	 and	 flow	 data	 (all	 of	which	











expression	 measurements	 that	 we	 have	 previously	 demonstrated	
to	 precisely	 report	 a	 dominant	 genome‐wide	 seasonal	 oscillation	





as	 yet	 unidentified,	 seasonal	 environmental	 variation	 that	 might	





and	 late	 summer	 (Brown	et	al.,	2016).	For	 simplicity,	 as	previously	
described	(Stewart,	Hablutzel,	et	al.,	2018),	we	are	able	to	combine	
our	set	of	gene	expression	measurements	into	a	single	representa-




with	 the	ecologically	 relevant	 (pathogenic	and	naturally	occurring)	








ence	on	 immune	allocation	and	function	 in	wild	 fish.	Nonetheless,	
we	did	 find	that	seasonal	 flow	rates	were	correlated	with	 immune	
allocation	in	the	wild	and	so	we	further	consider	below	possible	indi-
rect	effects	of	water	flow	on	seasonal	immune	variation.
2  | MATERIAL S AND METHODS
2.1 | Field site and field observations
The	study	site	(RHD,	52.4052,	−4.0372)	was	a	small	area	in	an	oli-
gotrophic,	 fully	 freshwater,	 side‐channel	 of	 the	 River	 Rheidol.	 As	
the	 Rheidol	 traverses	 an	 unusually	 steep	 gradient	 and	 is	 subject	
to	 anthropogenic	water	 releases	 from	 the	Cwm	Rheidol	 dam	 (up-
stream	of	 the	 study	 site),	 it	 experiences	 a	 very	variable	 flow	 regi-







information	on	water	 flow	 in	 the	 river,	water	 level	 readings,	 taken	
every	 15	min,	were	 obtained	 from	 a	 gauge	 at	 Cwm	Rheidol	 (data	
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kindly	 supplied	by	National	Resources	Wales).	 Ten	 fish	were	 sam-
pled	per	month	 from	RHD	 for	25	months	between	October	2013	






























In	employing	 fish	 from	a	 lentic	habitat	 for	our	experiment,	we	







Thus,	 differences	 in	 the	 genetic	 background	 of	 the	 study	 fish	 are	
expected	to	be	unimportant.



















To	determine	 immune	expression	at	 the	end	of	 the	48	hr	 flow	
treatments	(see	Figure	1	for	a	summary	of	the	experimental	design),	










were	 infected	 at	 the	 same	 time	 as	 flow‐treated	 fish.	 Infected	 fish	
were	then	maintained	in	1	L	containers,	where	a	subset	(n	=	18	flow	
treatment;	n	=	16	control)	were	screened	for	parasites	(full	count	of	

















All	 fish	 killed	 at	 sampling	 points	 were	 immediately	 conserved	






in	wild	 fish	 from	RHD)	 (see	Figure	 S1).	 The	 experiment	 fish	were,	
on	average,	in	poorer	body	condition	than	wild	fish	at	RHD	(Figure	
S1)	(and	there	was	no	signification	effect	of	flow	treatment	on	con-





We	 quantified	 gene	 expression	 in	 RNA	 extracted	 from	 homog-
enized	whole	 fish	by	 reverse	 transcription	quantitative	 real‐time	
PCR	 (QPCR)	 following	 previously	 described	 methods	 (Brown	 et	
al.,	2016;	Hablützel	et	al.,	2016;	Stewart,	Hablutzel,	et	al.,	2018).	







and	 ighm	 (ENSGACG00000012799);	 two	 genes	 expressed	
highly	 in	 winter:	 orai1	 (ENSGACG00000011865)	 and	 tbk1 
(ENSGACG00000000607).	As	noted	above,	gene	expression	data	
for	the	field	study	at	RHD	have	previously	been	considered,	and	
detailed	methods	 reported,	 in	 (Stewart,	 Hablutzel,	 et	 al.,	 2018).	
Equivalent	methods	were	 used	 to	 generate	 the	 gene	 expression	
dataset	 for	 the	 present	 flume	 experiment.	 Briefly,	 RNA	was	 ex-
tracted	 from	whole	 fish	 samples	 preserved	 in	 RNA	 stabilization	
solution	 using	 the	 Isolate	 II	 RNA	 mini	 kit	 (Bioline).	 Whole	 indi-
vidual	 fishes	were	homogenized	 in	 kit	 lysis	 buffer	 using	 a	5‐mm	
stainless	 steel	 bead	 (Qiagen,	 69,989)	 in	 a	Qiagen	TissueLyser	 LT	
system	and	a	standard	aliquot	of	the	homogenate	passed	through	
the	 manufacturer‐recommended	 protocol.	 RNA	 extracts	 were	
DNAse	treated	and	converted	to	cDNA	using	 the	High‐Capacity	
RNA‐to‐cDNA™	Kit	 (ThermoFisher),	 according	 to	manufacturer's	







primers	 at	 the	 machine	 manufacturer's	 recommended	 concen-
trations.	 Samples	 from	 different	 experimental	 treatment	 groups	
were	dispersed	across	three	plates.	Each	plate	contained	all	target	
gene	expression	assays	and	two	endogenous	control	gene	assays,	
for	 samples	 (in	 duplicate)	 and	 a	 calibrator	 sample	 (in	 triplicate).	









by	 the	 QuantStudio	 6‐flex	 machine	 software	 according	 to	 the	









laboratory	 was	 approved	 by	 the	 Cardiff	 University	 animal	 eth-





The	 field	 and	 experiment	 gene	 expression	 datasets,	 respectively,	
contained	219	and	54	individuals	with	no	missing	values.	In	the	ex-
periment,	only	a	 random	subsample	of	 the	 fish	sampled	at	day	10	
and	day	20	(6	per	treatment	group)	were	processed	for	gene	expres-




2018).	 For	 the	 field	 dataset,	 we	 combined	 our	 gene	 expression	
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measurements	into	an	additive	index	(seasonal	reporter	index,	SRI)	
that	we	 have	 previously	 shown	 to	 reflect	 a	major	 pattern	 of	 sea-
sonality	in	the	expression	of	stickleback	immune‐associated	genes.	
For	this,	each	raw	relative	gene	expression	variable	was	first	 log10 
transformed	 and	 standardized.	 The	 values	 for	 each	 gene	 variable	
were	then	summed,	assigning	negative	or	positive	values	to	genes	
according	to	whether	they	were	most	expressed	in	winter	(negative)	
or	 in	summer	 (positive)	 in	the	transcriptomic	study	of	Brown	et	al.	







For	 the	 field	dataset,	we	 initially	 separately	 analyzed	variation	
in	 flow	 and	 temperature	 in	 generalized	 additive	 models	 (GAMs)	
and	variation	in	SRI	in	generalized	additive	mixed	models	(GAMMs)	
(Wood,	2006).	The	nonparametric	 smoother	 term	 in	 these	models	
was	used	to	flexibly	represent	temporal	trends,	without	presuppos-
ing	 a	 particular	 relationship.	 The	GAMs	 for	 flow	 and	 temperature	
contained	a	 thin	plate	 spline	 smoother	 for	 time	as	 an	explanatory	
term.	The	GAMMs	 for	gene	expression	variables	additionally	con-
tained	 fixed	effects	 for	 length	and	sex	 (male/female),	 and	 random	
intercepts	for	assay	plate.	GAMs	and	GAMMs	(with	normal	errors)	













matrix	 (PERMANOVA‐DM)	 to	our	5	 (untransformed)	 gene	expres-
sion	variables	(adonis	command;	package	vegan).	The	full	model	 in-
cluded	main	effect	factor	terms	for	flow	treatment	(flow	or	no	flow),	
Gyrodactylus	 infection	 stage	 (baseline,	up‐phase	and	down‐phase),	
sex	and	assay	plate.	It	also	included	main	effect	continuous	terms	for	
standard	length	(mm)	and	body	condition	(residual	from	a	quadratic	
regression	 of	 weight	 on	 length)	 and	 an	 interaction	 term	 for	 flow	
treatment	 and	Gyrodactylus	 infection	 stage.	 Terms	were	 assessed	
for	 significance	 through	 a	 backward	 selection	procedure	whereby	




model	 containing	 only	 significant	 terms.	 Secondarily,	 we	 also	 an-
alyzed	variation	 in	SRI	and	each	of	 the	 individual	gene	expression	
variables	 separately,	 employing	 linear	mixed	models	 (LMMs)	 (lmer 
command;	 package	 lme4).	 For	 these	 analyses,	 the	 individual	 gene	
expression	 variables	 were	 first	 power	 transformed	 (determined	
through	 a	Box‐Cox	 procedure)	 and	 then	 standardized	 (zero	mean,	
unit	standard	deviation).	We	constructed	a	separate	LMM	for	each	
variable	 containing	 the	 same	 fixed	 terms	 as	 in	 the	PERMANOVA‐
DM	 (above).	Additionally,	 each	LMM	contained	 random	 intercepts	
for	 flow	 trial	 (experiment	 batch)	 and	RNA	 extraction	 batch.	 Fixed	
effects	were	tested	via	a	backward	selection	procedure,	and	results	

















Standard	diagnostic	plots	were	 inspected	 for	all	 additive	 (gam.
check)	 and	 linear	 (plot.lm,	 plot.merMod)	 models	 to	 check	 their	
suitability.
3  | RESULTS
3.1 | Flow rate and immune allocation were 
seasonal and correlated in a wild lotic habitat



























3.2 | Sustained intense swimming in an open flume 
had no effect on immune allocation or infection 
susceptibility
In	the	flume	experiment,	there	was	no	overall	effect	of	flow	treat-
ment	 on	 immune‐associated	 gene	 expression	 (PERMANOVA‐DM,	
F1,50	=	0.116,	p	=	.967)	or	of	infection	stage	(F2,49	=	1.682,	p	=	.151)	and	
no	interaction	between	these	(F2,46	=	0.581,	p	=	.752).	Nonetheless,	
a	 substantial	 association	 with	 sex	 was	 detectable	 (F1,51	 =	 8.930,	




variables	were	 significantly	 associated	with	 flow	 treatment,	 infec-
tion	stage,	or	their	interaction,	but	some	associations	were	observed	
with	length,	condition,	and	especially	sex	(Table	S1).	To	put	possible	
effect	 size	 into	perspective,	 the	estimated	 flow	parameter	 for	SRI	
(negative	for	the	zero‐flow	treatment)	is	in	the	opposite	direction	to	
that	required	to	drive	the	observed	field	circannual	SRI	fluctuation	
(where	 low	 flows	 coincide	with	high	 SRI).	 Furthermore,	 the	upper	
95%	confidence	 limit	 for	 this	parameter	 represents	only	~	18%	of	










from	14°C	 (the	 temperature	of	 the	 current	 experiment),	 based	on	
data	reported	by	Harris	(1983)	(see	also	Figure	5).	Thus,	any	unde-





















no	 linear	 effect	 of	 flow	 on	 (thermally	 adjusted)	 immune‐associated	
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gene	 expression	 (represented	 by	 SRI).	 Nonetheless,	 we	 recognized	





In	 the	 flume	 experiment,	 acclimated	wild	 fish	were	 exposed	 to	




(RHD)	 suggest	most	 individuals	 exhaust	 (cease	 to	maintain	 station)	
within	8	hr	at	20–30	cm/s	(Whoriskey	&	Wootton,	1987).	In	our	study,	
we	empirically	 (following	 initial	trials)	set	the	current	at	10	cm/s,	al-
lowing	 continuous	 swimming	 for	 an	 extended	 period	 (48	 hr)	which	
approached	 the	 limit	 at	 which	 some	 individuals	 would	 succumb	 to	








(and	 likely	die	or	be	 lost	downstream),	 or	 seek	 flow	 refugia,	 before	
the	effects	of	extreme	physical	activity	on	immunity	were	manifested.
Having	 ruled	out	 an	 important	direct	 effect	of	 locomotory	 ac-
tivity,	it	might	further	be	considered	whether	flow	itself	has	indirect	
effects	 in	the	wild.	As	we	had	not	observed	a	 (thermally	adjusted)	









One	 notional	 environmental	 driver	 of	 immunity	 that	 might	











volume	 of	 the	 river	 channel.	 In	 high	 flows	 such	 organisms,	 hav-
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gene	expression	in	the	observed	direction	(high	adaptive	gene	ex-
pression,	 due	 to	 enhanced	 foraging	 for	 arthropods	 or	 increased	
pathogen	transmission,	at	times	of	low	and	high	flow).










low	 adaptive	 immune	 activity	 at	 high	 flows.	Although	 further	 test-
ing	of	 these	hypotheses	 is	 beyond	 the	 scope	of	 the	present	 study,	








experimental	G. gasterostei	 infection	 on	 SRI	 (or	 individual	 gene	 ex-
pression	variables)	 in	 the	present	 study,	 suggesting	 “force	of	 infec-
tion”	in	the	wild	is	unlikely	to	drive	seasonal	SRI	variation,	although	the	
effects	of	other	common	pathogens	remain	to	be	studied.
In	 summary,	 our	 key	 finding	 is	 that	 locomotory	 activity	per	 se	
is	unlikely	to	be	an	important	constraint	on	immunocompetence	in	
healthy	 sticklebacks	 under	 normal	 natural	 circumstances.	 The	 po-
tential	generality	of	this	result	is	supported	by	the	fact	that	stickle-
backs	are	relatively	poorly	adapted	to	sustained	rapid	swimming	and	
Base model % Dev Flow term P % Dev
Sex	+	L	+	tempera-
ture	+	assay plate
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thus	may	be	an	especially	sensitive	system	in	which	to	detect	loco-
motory	effects	on	immunocompetence.	In	addition,	we	found	that,	
despite	 the	 lack	of	 a	direct	 locomotory	effect	on	 immune	expres-




We	 are	 grateful	 for	 research	 grant	 funding	 from	 the	 Leverhulme	
Trust	(RPG‐301)	and	the	Fisheries	Society	of	the	British	Isles.








DATA AVAIL ABILIT Y S TATEMENT
The	 basic	 data	 from	 this	 study	 will	 be	 available	 in	 the	 European	
Nucleotide	Archive	(primary	accession	number	PRJEB13319).
ORCID
Joseph A. Jackson  https://orcid.org/0000‐0003‐0330‐5478 
R E FE R E N C E S
Arnold,	G.	P.	 (1974).	Rheotropism	in	fishes.	Biological Reviews,	49,	515–
576.	https	://doi.org/10.1111/j.1469‐185X.1974.tb011	73.x





tion.	Journal of Animal Ecology,	17,	15–26.	https	://doi.org/10.2307/1605
Brodin,	P.,	Jojic,	V.,	Gao,	T.,	Bhattacharya,	S.,	Angel,	C.	J.,	Furman,	D.,	…	
Davis,	M.	M.	(2015).	Variation	in	the	human	immune	system	is	largely	
driven	 by	 non‐heritable	 influences.	 Cell,	 160,	 37–47.	 https	://doi.
org/10.1016/j.cell.2014.12.020
Brown,	G.	P.,	&	Shine,	R.	(2014).	Immune	response	varies	with	rate	of	dis-
persal	in	invasive	cane	toads	(Rhinella marina). PLoS ONE,	9,	e99734.	
https	://doi.org/10.1371/journ	al.pone.0099734




























































Kieffer,	 J.	D.	 (2000).	 Limits	 to	exhaustive	exercise	 in	 fish.	Comparative 
Biochemistry and Physiology Part A: Molecular & Integrative Physiology,	
126,	161–179.	https	://doi.org/10.1016/S1095‐6433(00)00202‐6
King,	 T.	 A.,	 &	 Cable,	 J.	 (2007).	 Experimental	 infections	 of	 the	 mono-
genean	Gyrodactylus turnbulli	 indicate	that	 it	 is	not	a	strict	special-





Matson,	 K.	D.,	Horrocks,	N.	 P.	 C.,	 Tieleman,	 B.	 I.,	 &	Haase,	 E.	 (2012).	
Intense	flight	and	endotoxin	injection	elicit	similar	effects	on	leuko-
cyte	 distributions	 but	 dissimilar	 effects	 on	 plasma‐based	 immuno-
logical	indices	in	pigeons.	The Journal of Experimental Biology,	215(21),	
3734–3741.	https	://doi.org/10.1242/jeb.072264
Nebel,	 S.,	Bauchinger,	U.,	Buehler,	D.	M.,	 Langlois,	 L.	A.,	Boyles,	M.,	
Gerson,	 A.	 R.,	 …	 Guglielmo,	 C.	 G.	 (2012).	 Constitutive	 immune	
function	 in	 european	 starlings,	 Sturnus vulgaris,	 is	 decreased	 im-
mediately	 after	 an	 endurance	 flight	 in	 a	 wind	 tunnel.	 Journal of 





of Experimental Biology,	 216,	 2752–2759.	 https	://doi.org/10.1242/
jeb.083204
Nieman,	 D.	 C.	 (2000).	 Is	 infection	 risk	 linked	 to	 exercise	 workload?	







R	Core	 Team	 (2018).	R: A language and environment for statistical com-
puting.	 Vienna,	 Austria:	 R	 Foundation	 for	 Statistical	 Computing.	
Retrieved	from	https	://www.R‐proje	ct.org/
Richardson,	W.	B.	(1992).	Microcrustacea	in	flowing	water:	Experimental	
analysis	 of	 washout	 times	 and	 a	 field	 test.	 Freshwater Biology,	 28,	
217–230.	https	://doi.org/10.1111/j.1365‐2427.1992.tb005	78.x
Schelkle,	B.,	Shinn,	A.	P.,	Peeler,	E.,	&	Cable,	J.	(2009).	Treatment	of	gyro-







fects	 on	 within‐host	 infectious	 disease	 progression	 in	 a	 warming	
climate.	Global Change Biology,	24,	371–386.	https	://doi.org/10.1111/
gcb.13842	




Stewart,	 A.,	 Jackson,	 J.,	 Barber,	 I.,	 Eizaguirre,	 C.,	 Paterson,	 R.,	 van	







bility	 in	wild	 animals.	 Integrative and Comparative Biology,	56,	 290–
303.	https	://doi.org/10.1093/icb/icw045
Walker,	 J.	 A.,	 &	 Westneat,	 M.	 W.	 (2002).	 Kinematics,	 dynamics,	 and	
energetics	 of	 rowing	 and	 flapping	 propulsion	 in	 fishes.	 Integrative 
and Comparative Biology,	 42,	 1032–1043.	 https	://doi.org/10.1093/
icb/42.5.1032
Walsh,	N.	 P.,	 Gleeson,	M.,	 Shephard,	 R.	 J.,	 Gleeson,	M.,	Woods,	 J.	 A.,	
Bishop,	 N.	 C.,	 …	 Simon,	 P.	 (2011).	 Position	 statement.	 Part	 one:	
Immune	function	and	exercise.	Exercise Immunology Review,	17,	6–63.
Whoriskey,	F.	G.,	&	Wootton,	R.	J.	 (1987).	The	swimming	endurance	of	
threespine	 sticklebacks,	 Gasterosteus aculeatus	 L.,	 from	 the	 Afon	
Rheidol,	 Wales.	 Journal of Fish Biology,	 30,	 335–339.	 https	://doi.
org/10.1111/j.1095‐8649.1987.tb057	57.x
Wood,	S.	N.	 (2006).	Generalized additive models: An introduction with R. 
Boca	Raton,	FL:	CRC	Press.
Wootton,	R.	J.	(2007).	Over‐wintering	growth	and	losses	in	a	small	pop-
ulation	of	 the	 threespine	 stickleback,	Gasterosteus aculeatus	 (L.),	 in	
mid‐Wales.	 Ecology of Freshwater Fish,	 16,	 476–481.	 https	://doi.
org/10.1111/j.1600‐0633.2007.00236.x
SUPPORTING INFORMATION
Additional	 supporting	 information	 may	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	the	article.		
How to cite this article:	Masud	N,	Synnott	R,	Hablützel	PI,	
Friberg	IM,	Cable	J,	Jackson	JA.	Not	going	with	the	flow:	
Locomotor	activity	does	not	constrain	immunity	in	a	wild	
fish.	Ecol Evol. 2019;00:1–10. https	://doi.org/10.1002/
ece3.5658
